
P

L
t

W
a

b

a

A
R
R
A
A

K
T
C
N
H
M

1

h
g
e
w
A
b
d
T
l
A
g
i
a
P

m
P
a
o

c

0
d

International Journal of Pharmaceutics 395 (2010) 260–265

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

harmaceutical Nanotechnology

iquid antisolvent preparation of amorphous cefuroxime axetil nanoparticles in a
ube-in-tube microchannel reactor

en-Zhen Zhua,b, Jie-Xin Wanga, Lei Shaoa,∗, Hai-xia Zhanga, Qian-xia Zhanga, Jian-Feng Chenb,∗∗

Key Laboratory for Nanomaterials, Ministry of Education, Beijing University of Chemical Technology, Beijing, 100029, PR China
Research Center of the Ministry of Education for High Gravity Engineering and Technology, Beijing University of Chemical Technology, Beijing, 100029, PR China

r t i c l e i n f o

rticle history:
eceived 12 November 2009
eceived in revised form 9 April 2010
ccepted 14 May 2010

a b s t r a c t

This article presents the preparation of nanoparticles of amorphous cefuroxime axetil (CFA) in a microp-
orous tube-in-tube microchannel reactor (MTMCR). The experimental results indicated that CFA particle
with a tunable size of 400–1400 nm could be achieved under a high throughput in the range of 1.5–6 L/min.
The average particle size decreased with increasing overall volumetric flow rate and decreasing CFA
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concentration, micropore size, and annular channel width. The produced CFA nanoparticles were char-
acterized by SEM, XRD, FT-IR, DSC and a dissolution test, which indicated that the nanosized CFA was
amorphous and exhibited higher dissolution rate compared to the raw CFA. The MTMCR might offer a
general and facile pathway for mass production of the nanoparticles of hydrophobic pharmaceuticals
thanks to its high throughput capacity and excellent micromixing performance.
igh throughput
icromixing

. Introduction

Cefuroxime axetil (CFA) is a poorly water-soluble drug with a
igh activity against Gram-positive and Gram-negative microor-
anisms (Crisp and Clayton, 1985; Crisp et al., 1989; Sasinowska
t al., 1995). CFA exists as crystalline and amorphous forms, of
hich the latter shows higher bioavailability and is more desirable.
fter oral administration, CFA is absorbed and rapidly hydrolyzed
y esterases in the intestinal mucosa and portal blood to pro-
uce cefuroxime (Crisp et al., 1991; Oszczapowicz et al., 1995).
he 1-acetoxyethyl ester group at the position 4 of CFA ensures its
ipophilicity and compromises on solubility (Dhumal et al., 2008).
ccordingly CFA presents a low solubility and dissolution rate in
astrointestinal tract, which limits its absorption and bioavailabil-
ty (Chen et al., 2006). Micronization or size reduction is regarded
s an effective method to address this problem (Pathak et al., 2004;
errut et al., 2005).

The traditional micronization methods, such as jet-milling,

edia milling and high-pressure homogenization (Müllerand and

eters, 1998; Midoux et al., 1999; Merisko et al., 2003), have been
ttempted to produce drug microparticles. However, these meth-
ds need high-energy input and usually result in pharmaceutical
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contamination, broad particle size distribution and difficulty to
control surface properties. Compared to the above methods, liquid
antisolvent precipitation (LASP) process (Zhong et al., 2005; Wang
et al., 2007; Dong et al., 2009), which is based on the decrease of the
solute saturation caused by mixing the solution with an antisolvent,
offers an attractive alternative for drug nanoparticle formation at
mild temperature and pressure with no requirement of expensive
equipment (Li et al., 2007b; Zhao et al., 2007, 2009).

Microtechnology has been attracting attention as a method for
the production of fine particles in recent years because of their
highly efficient micromixing performance and short transport time,
leading to a better control of nucleation and particle growth (Dodge
et al., 2004; Lu et al., 2004; Ali et al., 2009). However, due to the
structure limitation, the production capacities of most reported
microdevice are at �L or mL/min, which are much smaller than
those of conventional devices (Nagasawa and Mae, 2006). We have
designed and fabricated a high-throughput microporous tube-in-
tube microchannnel reactor (MTMCR) to offer a continuous process
to produce nanoparticles. The MTMCR demonstrated the excellent
micromixing performance and the throughput capacities at L/min
level (Wang et al., 2009b), and barium sulphate nanoparticles with
an average size of 37 nm and a narrow size distribution were syn-
thesized in the MTMCR (Wang et al., 2009a).
In this study, the MTMCR was employed for the micronization
of drugs for the first time. Nanosized CFA was prepared in the
MTMCR by LASP. The influence of experimental parameters on CFA
nanoparticle formation in the MTMCR was studied and CFA with a
particle size of 400–1400 nm was obtained.

hts reserved.
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Fig. 1. Experimental setup for the preparation of CFA nanoparticles in a MTMCR. (a)
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chematic diagram of experimental setup: A, CFA solution; A′ , antisolvent; B, pump;
, flowmeter; D, inlet of inner tube; E, inlet of outer tube; F, outlet; G, micropores;
, annular microchannel; I, sampling points. (b) Photograph of micropore section.

c) Profile of the annular microchannel.

. Experimental

.1. Materials and setup

The raw CFA was obtained from North China Pharmaceutical
roup Corporation Beta Co., Ltd. (Hebei, China). Acetone and iso-
ropyl ether (A.R. grade) were provided by chemical Agent Co.
Beijing, China).

A schematic diagram of the experimental setup is illustrated in
ig. 1a. Fig. 1b and c shows the micropore section and the pro-
le of the annular microchannel, respectively. Table 1 displays the
arameters of the MTMCR used in this study.

.2. Preparation of CFA

A certain amount of the crystalline raw CFA was dissolved in ace-
one and filtrated through a 0.22 �m nylon filter to obtain the CFA
olution (S). Isopropyl ether (IPE) was employed as the antisolvent
AS). The CFA solution and IPE were pumped into the inner and
uter tubes via the inlets D and E, respectively by two magnetic
umps at room temperature. After passing through the microp-

res radially, the CFA solution was dispersed into microstreams
nd mixed with IPE in the annular microchannel to precipitate CFA
anoparticles immediately. The slurry was collected at the outlet
and a small amount of the slurry was sampled and diluted in IPE

or SEM observation. The other slurry was then filtrated through a

able 1
TMCR parameters in this study.

Micropore zone Non

Material Micropore
size (�m)

Length of
micropore
zone (mm)

Porosity (%) Mat

Metal meshes 5
–80

1 46 Stain
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0.22 �m nylon filter, and the filter cake was dried in a vacuum oven
at 50 ◦C for 12 h prior to the characterization.

2.3. Characterization

2.3.1. Particle size and morphology
Particle size and morphology of CFA were observed by scanning

electron microscopy (SEM) (JEOL JSM-6360LV). The particle size
and its size distribution were generated by the Image-Pro Plus 5.0
via the obtained SEM photographs.

2.3.2. Fourier transform infrared spectrometry (FT-IR)
A FT-IR spectra was recorded with a Bruker IFS-66 spectrome-

ter in the range 450–4000 cm−1 using a resolution of 4 cm−1 and
16 scans. Samples were grounded with KBr mixing powder and
pressed to obtain self-supporting disks.

2.3.3. X-ray diffraction (XRD)
X-ray powder diffraction patterns of the dried CFA samples were

obtained using a XRD-6000 diffractometer (Shimadzu, Japan). The
powder was placed in a glass sample holder. Cu K� radiation was
generated at 30 mA and 40 kV. Samples of the raw CFA and nano-
sized CFA were scanned over an angular range of 5–50◦ with a step
size of 0.05◦.

2.3.4. Differential scanning calorimetry (DSC)
A DSC (Pyris 1, Perkin-Elmer, USA) was used to obtain DSC

thermal profiles of CFA. Samples of raw CFA and nanosized CFA
were run at a scanning rate of 10 ◦C/min. A dry nitrogen purge of
25 mL/min was employed in the process. Calibration of the instru-
ment with respect to temperature and enthalpy was achieved using
high purity standard of indium.

2.3.5. High-performance liquid chromatography (HPLC)
The CFA concentration was measured by HPLC (Waters

2965/2996, Miford, MA, USA) with a Waters SunfireTM C18 reverse-
phase column (150 mm × 4.6 mm i.d., 5 �m particle size). The
mobile phase was a solution of methanol/(0.2 mol/L aqueous
NH4H2PO4) 600:400 (v/v). The column was maintained at 30 ◦C
and equilibrated for 60 min with the analytical mobile phase before
injection. The injection volume was 50 �L, and the mobile phase
was pumped isocratically at a flow rate of 1.0 mL/min. The detec-
tion wavelength was 278 nm. The standard curve, whose equation
is shown as Eq. (1), was linear (r = 0.999982) in the range from 3 to
60 �g/mL:

y = 1.246 × 10−5x + 0.227 (1)

where y is the concentration of CFA, �g/mL, and x is the peak area.
2.3.6. Dissolution test
The dissolution test was carried out using a USP Apparatus 2

(paddle) method (D-800LS, Tianjin, China). The paddle speed and
bath temperature were set at 100 rpm and 37.0 ± 0.5 ◦C, respec-
tively. A 0.1 mol/L HCl solution including 0.1% (w/v) sodium dodecyl

-micropore zone Other
parameters

erial Outer tube
diameter (mm)

Inner tube
diameter (mm)

Throughput
(L/min)

less-steel 15.5
–18

15 1.5
–6
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sulphate was employed as a dissolution medium. 20 mg of CFA was
placed into vessels containing 900 mL of the dissolution medium.
A 5 mL aliquot of samples was withdrawn from the vessels at an
interval of 20 min and filtrated through a 0.45 �m filter. The filtrates
were then analyzed by HPLC to determine CFA concentration. Each
sample was analyzed in triplicate.

3. Results and discussion

3.1. Effect of the CFA concentration

Fig. 2 shows SEM images of the raw CFA and the nanosized CFA
prepared at different CFA concentrations. Compared with the raw
CFA (Fig. 2a), the as-prepared CFA (Fig. 2b–e) exhibited a smooth,
spherical morphology, good dispersion and smaller particle size,
whereas the raw CFA powder had an irregular morphology and a
broad particle size distribution, ranging from 2 to 100 �m.

The average CFA particle size (dp) decreased from 870 nm to
400 nm as the CFA concentration in acetone decreased from 0.20
to 0.05 g/ml. At higher concentration, a larger number of nuclei
formed in the A/AS solution, which led to particle aggregation and
the formation of larger nanoparticles. In addition, the viscosity of
drug solution increased with the increase of the concentration,
which hindered the diffusion of the drug from the solution to the
antisolvent and resulted in nonuniform supersaturation (Zhang et
al., 2009), leading to a large size and broad particle size distribution.

3.2. Effect of the overall volumetric flow rate

Fig. 3 exhibits the influence of the overall volumetric flow rate
(Q), which means the sum of the solution flow rate and the anti-
solvent flow rate, and the corresponding Reynolds (Re) numbers
on the average particle size of CFA. The particle size decreased
from 760 nm to 440 nm with the increase of the overall volumetric
flow rate from 1.5 to 6 L/min. As the overall volumetric flow rate
increased, Re increased accordingly, resulting in a stronger turbu-
lence and better micromixing effects between the CFA solution and
the antisolvent, which led to a smaller CFA particle size and more
uniform particle size distribution (Chen et al., 2005; Wang et al.,
2009b).

3.3. Effect of micropore size

Fig. 4 displays the effect of the micropore size on the particle size
and the size distribution of CFA. It can be seen that the particle size
and distribution were substantially influenced by the micropore
size. The CFA particle had a mean size of about 1000 nm with a broad
size distribution at a micropore size of 80 �m, whereas the mean
particle size significantly decreased to 420 nm with a narrower size
distribution as the micropore size decreased to 5 �m. The decrease
of the particle size can be explained by the obvious enhancement of
the micromixing between the solution and the antisolvent due to
the smaller liquid streams of the solution and the larger interfacial
area between the dispersed and continuous phases as a result of
the decrease of the pore size (Li et al., 2007a).
3.4. Effect of annular channel width

Fig. 5 shows that the annular channel width is anther impor-
tant parameter for the preparation of the CFA nanoparticles in the

Fig. 2. SEM images of the raw CFA (a) and the nanosized CFA (b–e) prepared at
different CFA concentrations. (a) Raw CFA; (b) 20 g/ml; (c) 15 g/ml; (d) 10 g/ml; (e)
5 g/ml. (S/AS: 20; micropore size: 5 �m; channel width: 0.5 mm; overall volumetric
flow rate: 6.0 L/min; T: 25 ◦C.)
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Fig. 3. Influence of the overall volumetric flow rate and Reynolds (Re) number on
CFA particle size.

Fig. 4. CFA size and size distribution at different micropore sizes: (A) 5 �m; (B)
10 �m; (C) 20 �m; (D) 40 �m; (E) 80 �m.

Fig. 5. Size distribution of CFA nanoparticles at different annular channel widths:
(A) 0.50 mm; (B) 0.75 mm; (C) 1.00 mm; (D) 1.50 mm.
Fig. 6. XRD patterns of (a) raw CFA and (b) nanosized CFA.

MTMCR. When the annular channel width decreased from 1500 �m
to 500 �m, the CFA particle size decreased from 920 nm to 360 nm
with a narrower particle size distribution. The reason is that the
liquid velocity increased with decreasing annular channel width at
a certain overall volumetric flow rate of the liquid, thereby result-
ing in a stronger turbulence and better micromixing effects (Wang
et al., 2009a).

3.5. XRD and DSC analyses

The crystalline structure of CFA is assessed by comparing the
XRD and DSC profiles of the raw CFA and nanosized CFA. Fig. 6
shows XRD patterns of the raw CFA and the nanosized CFA pow-
der. The raw CFA exhibited some intense crystalline peaks between
5◦ and 50◦. However, only one broad and diffuse peak was detected
in the pattern of the nanosized CFA, which indicated that the as-
prepared nanosized CFA was in the desired amorphous form. This
finding was confirmed by comparing the DSC thermal profile of the

raw CFA and nanosized CFA (Fig. 7). There were two endothermic
bands around 125 ◦C and 180 ◦C for the raw CFA, which indi-
cated that the raw CFA was in polymorphs. In contrast, only one
endothermic band around 87 ◦C with lower enthalpy was present

Fig. 7. DSC curves of (a) raw CFA and (b) nanosized CFA.
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Fig. 8. FT-IR spectra of (a) raw CFA and (b) nanosized CFA.

or nanosized CFA, confirming that the nanosized CFA was mainly
n amorphous form.

.6. FT-IR spectroscopy

FT-IR spectra of the raw CFA and the nanosized CFA in
he range of 500–4000 cm−1 are presented in Fig. 8. The spec-
ra of the CFAs are characterized by the NH, NH2 complex
3480–3210 cm−1), �-lactam (1782 cm−1), acetate (1760 cm−1), 4-
ster group (1720 cm−1) and 7-amido (1676 and 1534 cm−1). The
dentical FT-IR spectra curves of the raw CFA and the nanosized CFA
uggested that there was no change in the CFA molecular structure
fter micronization.

.7. Dissolution test

Fig. 9 depicts the dissolution rates of the raw CFA and the as-
repared nanosized CFA. The nanosized CFA reached a dissolution
ercentage of 82% within 40 min, whereas only 46% of the raw
FA dissolved during the same period. During the 100 min test-
ng period, about 95% of the nanosized CFA dissolved, but only 57%
f the raw CFA dissolved. The results indicated that the nanosized
FA exhibited better dissolution properties than did the raw CFA.
ecause no surfactants were added into the raw CFA and the nano-

Fig. 9. Dissolution profiles of (a) raw CFA and (b) nanosized CFA.
harmaceutics 395 (2010) 260–265

sized CFA, the increased dissolution rate of the nanosized CFA was
attributed to the significant reduction of the particle size and the
corresponding increase of the specific surface area. Therefore, LASP
in the MTMCR is an effective approach for decreasing particle size
to enhance the solubility of poorly water-soluble drugs.

4. Conclusions

This study provides an alternative methodology for the prepa-
ration of the nanoparticles of poorly water-soluble drugs by using
a tube-in-tube microchannel reactor (MTMCR). The CFA nanopar-
ticles with an average size of 400 nm could be obtained at a high
throughput of 6 L/min. The particle size and the size distribution
of the as-prepared CFA particle spheres can be tuned by regulat-
ing the experimental parameters, such as the overall volumetric
flow rate, the CFA concentration, the micropore size, and the annu-
lar channel width. The average particle size of CFA decreased with
increasing overall volumetric flow rate and decreasing CFA concen-
tration, micropore size and annular channel width. In addition, the
small size of the amorphous CFA nanoparticles led to a significant
boost of the dissolution rate. These results indicate that the MTMCR
shows potentials for industrial application owing to the excellent
micromixing performances and the high throughput capacity.
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